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ABSTRACT: 47 fixed stations off the Northwest Danish coast were s a m ~ l e d  svstematicallv and 
repeatedly between 5 and 14 April 1984, for distribution of temperature, salinity, and chlorophyll a 
fluorescence throuahout the water column. Low chloro~hvll concentrations were recorded at stations in . . 
North Sea water. In the Skagerrak/Kattegat stations sampled, dense phytoplankton concentrations 
(chl a up to >20 mg m-3) were observed in association with a strong halocline (surface to bottom AS up 
to >l5 %o). This halocline weakened somewhat in the region northhortheast of Skagen and at 
'upwelling' stations near the Swedish coast. Surface patches of elevated chlorophyll concentrations 
were frequently associated with these weakenings of the halocline. Determination of combined nitrite/ 
nitrate revealed elevated values in surface waters in these less stratified regions. A strong front 
occurred in the approaches toward North Sea water to the west of Skagen. Over the frontal region, the 
water column salinity difference decreased from > l 2  to <0.1 %O over the course of 39 km. The 
distribution of chlorophyll in relation to the hydrographic features of this front was determined 4 times 
during 1 wk. Chlorophyll distribution patterns were apparently related to hydrographic features and 
were observed to be extremely dynamic. Primary production and light measurements were taken on 
1 frontal crossing. These indicate that daily production rates may have been on the order of 25 X  higher 
in this frontal region than in surrounding waters at the time of sampling. Copepod nauplii and egg 
distributions were ca I O X  higher in Skagerrak/Kattegat waters than in the North Sea and did not show 
a clear association with the front. The highest nauplii/egg concentrations were observed in association 
with dense chlorophyll patches located at the pycnocline. Egg production rates of the copepod Calanus 
finmarchicus were shown to be positively correlated with chlorophyll concentration at the depth of 
collection. 

INTRODUCTION 

Transition or boundary zones between different 
water masses ('fronts') are being increasingly impli- 
cated as important to various fisheries (e.g. Fournier 
1978, Mills & Fournier 1979). However, the biological 
processes occurring in frontal regions are, as yet, not 
well understood. Although a number of workers have 
reported increased concentrations of phyto/zooplank- 
ton near thermal and salinity fronts (e.g. Pingree et al. 
1975, Holligan & Harbour 1976, Savidge 1976, Four- 
nier et al. 1977, Simpson et al. 1978, Fournier et al. 
1979, Holligan 1979, Floodgate et al. 1981, Seliger et 
al. 1981, Beardall et al. 1982, Simpson et al. 1982), it is 
still unclear to what degree these plankton patches 
result from in situ production and/or unspecified phys- 
ical concentration processes. One difficulty in differen- 
tiating between physical and biological effects occur- 
ring at fronts is the lack of good time series data 
relating to biological processes in such regions; many 
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reports of elevated plankton concentrations in frontal 
regions are based on single crossings of a front. 

In a systematic coverage of a frontal zone in the 
western Irish Sea, Richardson et al. (1985) noted that 
elevated chlorophyll patches were intermittently 
associated with surface waters near the front during 
the period of stratification. Analysis of surface water 
data as a whole revealed significantly more 
chlorophyll in frontal than in surrounding waters over 
the seasonal cycle. However, when the chlorophyll 
present in the upper 30 m of the water column was 
averaged, there was no difference between frontal and 
stratified waters. 

Although these observations at a thermal front are 
not necessarily typical for fronts in general, the tran- 
sient nature of the chlorophyll patches in surface fron- 
tal waters in the Irish Sea study emphasizes the gen- 
eral need for more detailed time series studies of the 
variability in the distribution of plankton occurring at 
fronts in order to further understanding of the biologi- 
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cal processes occurring in these regions. In particular, 
there is a need to consider if and/or how the elevated 
plankton concentrations observed in frontal regions 
influence higher trophic levels in the same region. 

The present study was designed to provide a 
detailed picture of changes in hydrographic parame- 
ters and chlorophyll distribution over a frontal region 
during a 1 wk period. In addition, during 1 crossing, 
measurements were made of primary production, inor- 
ganic nutrient, particle and microzooplankton dis- 
tributions in the frontal region. In a preliminary 
attempt to study the influence of the front on secondary 
production, the egg production rate of the copepod 
Calanus finmarchicus collected from stations exhibit- 
ing varying chlorophyll a concentrations was mea- 
sured throughout the study. 

The frontal region examined occurs between the 
North Sea and Skagerrak/Kattegat waters. It is primar- 
ily a salinity feature and is permanently present, 
although its position varies throughout the year and as 
a function of wind and weather conditions (Svansson 
1975, Foyn et al. 1978). This front is of biological and 
commercial interest in that it has been implicated as a 
possible focus for larval fish distributions (Christensen 
et  al. 1983) and for the development of blooms of the 
red-tide dinoflagellate Gyrodinium aureolurn which 
intermittently plague the Scandinavian coast (Richard- 
son & Kullenberg 1984). 

MATERIALS AND METHODS 

The survey was conducted from 4 to 14 April, 1984 
aboard the 'R.V. Dana' (Danish Fisheries Ministry). 
Observations were made at fixed stations on a grid 
drawn over the waters surrounding Skagen (Fig. 1). 
Temperature and salinity were profiled using a Neil 
Brown Mark 111 CTD System. Fluorescence was 
recorded using a Q Instruments in situ fluorometer 
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Fig. 1 Approximate positions of stations in the study area. 
Stations referred to in the text are identified 

mounted on the CTD system (Hundahl & Holck 1980). 
Signals from the fluorometer were fed into the data- 
retrieving system of the CTD. The interval between 
data collections was 0.5 S. 

Calibration of the fluorometer was made by holding 
the instrument at a fixed depth while simultaneously 
pumping 4 1 water from the sample depth. An average 
of the fluorometer readings over the period of water 
collection was taken to represent the fluorescence of 
the water sample. Chlorophyll a analysis of the sam- 
ples was made by filtering onto GFC filters and 
immediately extracting in 90 % acetone. Chlorophyll a 
determination with correction for phaeopigments was 
made spectrophotometrically after the method of 
Lorenzen (Strickland & Parsons 1972) with absorption 
being measured on a Perkin Elmer 554 spec- 
trophotometer. A linear regression was performed 
relating fluorescence to chl a l-I from all calibration 
samples (n = 27; r2 = 0.91). This relation was there- 
after used to derive chl a concentrations from fluoresc- 
ence measurements. Integrated fluorescence/ 
chlorophyll determinations through the 'euphotic' 
water column were calculated by taking the average of 
1 fluorescence reading from each l m depth interval 
down to 30 m. For ease of computation, the first read- 
ing from each depth interval was used. Nitrate + 
nitrite was determined on nonfiltered samples after the 
method described by Grasshoff (1976). 

Primaryproduction. Primary productivity determina- 
tions were made at 19 stations by collecting 1.5 1 bottle 
samples at 3 m and as close as possible to the subsur- 
face chlorophyll peak. When no subsurface peak was 
present, the second depth was at either 10 or 20 m 
depending on the depth of the surface mixed layer. 
Samples were kept in subdued light, filtered through a 
200 pm mesh and transferred to 25 m1 acid-washed 
Pyrex bottles. Four pCi of a NaH14C0, solution were 
added to each bottle. The I4C addition was checked by 
taking 50 p1 subsamples of the incubation media and 
adding them to 500 p1 0 phenylethylamine. These were 
stored for later counting. Samples were fixed to a 
rotating wheel and incubated for 2.5 h at ambient 
seawater temperature f 2 Co. Photon flux densities of 
incubation of samples from each depth were 320 and 
12 pm01 m-2 S-'. Light was measured using a Licor 
Quantum Radiometer Photometer equipped with a 
cosine corrected sensor. A forrnalin-killed control from 
each depth was also incubated. Details of calculations 
used in estimating primary production are given in 
Richardson et al. 1984. 

Copepod eggs and nauplii. Samples for determina- 
tion of the density of copepod eggs and nauplii were 
taken by means of a submersible pump (capacity 6 1 
min-l, inner hose diameter 0.6 cm). 24 1 samples were 
filtered on a 40 Frn mesh size sieve, and preserved in 
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4 % borax-buffered formalin. Seven stations on the B 
and D lines (Fig. 1) were sampled at surface (3 m), 
halocline (10 to 22 m), 20 to 35 m, and in the 'bottom 
water' (28 to 100 m). Copepod eggs and nauplii were 
subsequently enumerated in the laboratory. 

Particle size distribution deterrninations. Water sam- 
ples for particle determination were collected using 
water bottles. Determinations were conducted 
immediately after collection by counting particles 
present in a 14.5 m1 subsample (total sample volume = 

250 ml) on a Coulter Counter TA 11; orifice size = 

140 pm. 
Calanus finrnarchicus egg production measure- 

ments. Zooplankton were collected from discrete 
depths with an opening-closing 250 pm mesh WP2 net 
(Tranter 1968). The cod-end contents were immedi- 
ately diluted into sea water from the collection depth. 

Adult females of Calanus finmarchicus were sorted 
from the collected samples. Care was taken to keep the 
temperature near that at the collection depth during 
sorting. Animals were incubated in 1130 m1 screw cap 
bottles filled with seawater from the collection depth. 
The water had previously been screened through an 
80 pm mesh sieve to remove large zooplankters. 
Screening removed less than 5 % of the chlorophyll 
from the water. In each experiment, 3 to 5 control 
bottles (without animals) and up to 20 experimental 
bottles were run. Bottles were fixed on a slowly rotat- 
ing (0.5 or 2 rpm) wheel in a dimly lit (13L: l l D )  
temperature-controlled room ( in  situ temperature 
f 2 C"). Incubations lasted for between 18 and 30 h. 

Eggs spawned during incubations were retained on 
a 40 pm mesh sieve and counted. Calanus finmar- 
chicus eat their own eggs which results in fewer eggs 
per female in bottles with relatively high female 
densities. This was corrected for by conducting a series 
of incubations in which the number of females per 
bottle was varied between 1 and 20. The number of 
eggs produced per female was then regressed against 
female density in each experiment and the ordinate 
intercept taken as an estimate of specific egg produc- 
tion rate. Corrections were made for eggs removed in 
water samples for particle and chlorophyll analysis. 
The methods for collection of zooplankton and deter- 
mination of egg production rate are described and 
discussed in greater detail by Ki~rboe  et al. (1985). 

RESULTS 

Hydrography and chlorophyll distributions 

Fig. 2 shows the surface distribution of salinity and 
chlorophyll over the study area at (Fig. 2a, b) the 
beginning and (Fig. 2c, d) end of the cruise. In both 

cases, a strong front separating North Sea water from 
lower salinity water can be seen west of Skagen. At the 
end of the cruise, however, no surface water of 2 3 4  %O 
was encountered and an increased area east of the 
front was covered by water of <22 %O than at the 
beginning of the cruise. This increase in low salinity 
water is presumed to represent outflow from the Baltic 
during this period. Although the tendency is for low 
salinity water east of the North Sea front, both surveys 
of the area revealed several patches of higher salinity 
surface water east of Skagen, especially towards the 
Swedish coast. 

Surface chlorophyll distributions followed much the 
same pattern as salinity (Fig. 2 ) .  Low chlorophyll con- 
centrations were associated with North Sea water and 
the lowest salinity water east of Skagen. In the regions 
where low and high salinity water meet, however, 
elevated chlorophyll was recorded. Thus, high 
chlorophyll concentrations were found near the North 
Sea front and in association with the patches of high 
salinity water found off the Swedish coast. When 
chlorophyll integrated through the water column to 
30 m is averaged for all stations at  the beginning of the 
cruise (G = 1.07 mg m-3) and at the end (G = 2.10 
mg mP3), it can be seen that chlorophyll concentration 
doubled over this area during the period of study. 

Fig. 3 shows depth profiles of salinity, temperature, 
and chlorophyll for the 'D' line of stations made on 
4 different sampling dates. Most notable is the varia- 
bility in chlorophyll distribution across the frontal reg- 
ion during this time. At the beginning of the sampling 
(Apr 6), chlorophyll distributions relate clearly to the 
salinity structure with the densest concentrations 
found along the halocline and in association with the 
front (i.e. region with the greatest surface gradient in 
salinity). 

In the data for April 8, the overall characteristics of 
the water column resemble those of April 6. However, 
the 34.5 and 30 %O surface isohalines have moved east- 
ward; the same is true for the 4 and 6°C surface 
isotherms. There was less chlorophyll in surface waters 
than on the earlier sampling date and the surface peak 
earlier observed at Stn D1 was no longer recorded. 
Convolutions have appeared in the pycnocline 
chlorophyll distribution and a small patch of elevated 
chlorophyll concentration was recorded at a depth of 
35 m at Stn D3. As on April 6, the most concentrated 
surface chlorophyll patch was associated with 4°C 
water. 

Between April 8 and 10 major changes occurred in 
the salinityltemperature profiles over this area. The 
34.5 %0 isohaline no longer intersected the surface in 
the study area. Furthermore, all isohalines from 26 to 
30 % moved westward. The survey revealed no 6 "C 
surface water. These observations suggest a possible 
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westerly flow of surface water from the Skagerrak 
during this period. This suggestion is supported by the 
occurrence of a patch of 3 to 4Â° water at the most 
westerly station (D6) on April 10. This cold patch was 
separated from water of a similar temperature by 
warmer water at D5. Salinity was also lower at D6 than 
at D5. High chlorophyll concentrations were associ- 
ated with this patch and also with Stn D4 and D3 which 
correspond to the frontal region and, again, water of 
about 4 O C .  

On the last day of the survey (April 13) the 32 and 
33 %o isohalines intersected the surface at points 
farther west than on any of the earlier sampling days 
and no 34 %O surface water was encountered in the 
study area. Likewise, the 4 and 6'C isotherms no 
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longer intersected the surface within the study area 
and a large percentage of the area was now covered by 
water of -3'C. Chlorophyll-rich water was more wide- 
spread than on the earlier sampling dates; the 3OC 
water was uniformly rich in chlorophyll. In addition, a 
subsurface fluorescence peak was recorded in the reg- 
ion of the pycnocline (10 to 15 m depth) at Stn D2 and 
D3. A separate peak was recorded at 30 to 35  m at Stn 
D2 and D l .  

Four surveys were also made along the 'B' line du- 
ring this study. The water column in this area was 
always stratified with respect to salinity and tempera- 
ture. However, on every sampling occasion, a region 
experiencing relatively higher surface salinity (and a 
consequent decrease in the intensity of water column 
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Fig 2. Surface salinity (%) and chlorophyll a distributions between 4 and 8 Apr (a, b) and between 12 and 14 Apr (c, d) 
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stratification) was observed between Stn B3 and B6. 
This same region exhibited higher surface chlorophyll 
concentrations than surrounding waters. 

Primary productivity and copepod egglnauplii 
distributions 

Fig. 4 shows the distribution of copepod nauplii and 
eggs, chlorophyll, N0 ,+N03  and primary production 
over the 'D' line on 8 April. Low primary productivity 
and naupliilegg concentrations were associated with 
the North Sea water. Nauplii/egg concentrations were 
an  order of magnitude higher east of the front. 
Although the limited sampling does not allow good 

mapping of copepod nauplii/egg distributions, the 
highest nauplii concentrations seem to be associated in 
or over pycnocline phytoplankton patches. The same 
pattern was also observed on the April 7 survey of the 
'B '  line of stations (Fig. 5). 

N 0 2 + N 0 ,  concentrations were highest in the dense 
chlorophyll patch located in subsurface waters near 
the front on April 8 (Fig. 4) .  However, it should be  
noted that the nutrient method used does not differen- 
tiate between dissolved and particulate inorganic nu- 
trient. Therefore these elevated nutrient values may 
reflect the high algal biomass in this area. High nu- 
trient concentrations were recorded in subsurface 
stratified waters and in the waters to the west of the 
front. Striking are the low N 0 2 + N 0 3  values recorded 

a Salinity (%C,) d NO2 + Nog (pg-at 1-1) 

b Fluoresconce e M~crozooplankton l nauplli ( e g g s )  24 1-1 ) 

Fig. 4. (a) Salinity, (b) fluorescence. (c) primary production, (d) nitrite + nitrate, (e) microzooplankton (copepod nauplii/eggs) 
along the 'D' line on Apr 8 Stn B4 was sampled on Apr 7. Fluorescence expressed as in Fig 3 
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Fluorescence 

Fig. 5. (a)  Salinity, (b) fluorescence, (c) primary production, (d) nitrite + nitrate, (e)  microzooplankton along the 'B '  line on Apr 7 
Fluorescence expressed as in Fig. 3 

in the surface stratified waters except at Stn B6 in a 
patch of high salinity water. 

Estimated daily primary production rates indicate 
that the frontal region may have been on the order of 
25 X more productive than the surrounding waters at 
this time. Marginally elevated primary production 
rates were also calculated for Stn B4 to B6 on April 7.  
From the salinity survey of the 'B' line (Fig. 5),  it can be 
seen that these stations bordered a high-surface-salin-. 
ity patch accompanied by elevated surface concentra- 
tions of NO,+NO,, which may account for the 
increased calculated primary production. 

On average, the 14C which passed through a 3 Fm 
filter and was retained by a 0.22 pm filter was less than 
10 % over the entire study area. However, at 2 stations 
this fraction consisted up to 40 % of the total 14C fixed 
(Stn B2 and Cl ) .  Fig. 6 shows the assimilation index 
(units carbon fixed per unit chlorophyll a h-') for sur- 
face samples (a) and surface salinity contours (b) for 
the period of 7 to 10 April. The assimilation index was 
highest at North Sea frontal stations and in the less 
strongly stratified patches in the water to the east of the 
front. 

Particle size distributions across the front 

To the east of the front, particle concentrations (Esti- 
mated Spherical Diameter, ESD, ca 2.5 to 50 pm) were 
markedly higher in surface waters than at the pycnoc- 
line, and a greater percentage of the total volume of 
particles was made up by small particles in the surface 
waters than at depth (Table 1). In the frontal stations, 
the particle size distributions were dominated both in 
the surface and at depth by a 'top' representing parti- 
cles between ca 10 to 15 pm ESD. West of the front (Stn 
D6) very small particles dominated in surface waters 
whereas the 10 to 15 pm 'top' was observed in the 
samples taken from 10 m. 

Egg production by Calanus finmarchicus 

In Fig. 7, the specific egg production rate of Calanus 
finmarchicus is plotted against the average chloro- 
phyll a content of the water from which specimens 
were collected. The assumed boundaries for the water 
mass of collection were taken from the physical 
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SURFACE ASSIMILATION INDEX (07-10 Apri l)  

SURFACE SALINITY (07-08 A p r ~ l l  

Fig. 6. (a) Assimilation index (yg 
C fixed [pg chl a]-' h-') of surface 
phytoplankton samples. Stations 
on 'B' line sampled Apr 7; on 'D' 
line, Apr 8; on 'C' line, Apr 10. (b) 
Surface salinity distributions on 

Apr 7-8 

characteristics of the water column. Fluorescence read- 
ings were averaged and converted to chlorophyll for 
all depths contiguous with the collection depth that 
exhibited a salinity within k 0.5 %O of that at the col- 
lection depth. The stations, collection depths and 
depth intervals over which fluorescence was averaged 
are presented in Table 2. 

Average values of < l  to 17.9 eggs female-' d-' 
were recorded over the study area with the highest 
values being recorded from waters with the greatest 
concentrations of in situ chlorophyll a. 

DISCUSSION AND CONCLUSIONS 

The distribution pattern of chlorophyll a was shown 
to be highly variable over the study area during this 
spring survey. In general, however, elevated 
chlorophyll concentrations were observed in surface 
waters in the vicinity of the front separating high 
salinity North Sea water from salinity-stratified waters 
to the east. Patches of elevated chlorophyll in surface 
waters were also located in the stratified waters along 
the Swedish coast. In most cases, these patches were 
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Table 1. Particle concentrations and size distributions, in surface waters and at depth, along the 'D' line, 8 April 

Station Depth Particles Volume of particles Volume peak 
m (ESD 2.5 to 50 p) pm3 ml-l (% of total) 

ml-I 

A4 3 6244 552 819 ESD 4 pm ( l 0  %) 
10 4080 475 655 ESD 10 pm (14 %) 

D1 3 13 903 922 385 ESD 4 pm (12%) 
20 3746 475 961 ESD 25 pm (17%) 

D2 3 8307 1216 166 ESD 12 pm (15 '10) 
20 6309 1 211 675 ESD 12 pm (20%) 

D3 3 6195 1 024 273 ESD 12 pm (19%) 
12.5 6660 852 971 ESD 12 pm (12%) 

D4 3 4936 1 032 557 ESD 12 pm (16%) 
12.5 7664 2 612 981 ESD 12 p (27%) 

D5 3 3465 352 221 ESD 12 p (17 %) 
7.5 1976 269 467 ESD 12 pm (16%) 

D6 3 8245 326 531 ESD 2.5 pm (17 Yo) 
10 8548 588 436 ESD 12 pm (19%) 

Station Date Collection Depth interval for 
depth fluorescence mean 

B2 5 Apr 22 m 22.0 - 28.7 m 
F1 7 Apr 28 m 25.3 - 30.8 m 
El 8Apr  1 6 m  13.8 - 18.0 m 
Cl 10 Apr 7 m 5.9 - 7.8 m 
D6-F5' 11 Apr 12 m 8.2 - 21.0 m 
F4 12Apr 1 1 m  10.5 - 12.5 m 
C5 13 Apr 10 m 8.2 - 13.8 m 

Station located midway between Stn D6 and F5 

M - 
18 - 
r6 - 
1L - 
12 - 

0 - 
'0 
\ 

Fig. 7. Calanusfinmarchicusegg produc- 
- 

tion rate expressed as a function of g 6 .  
' D b - F 5  

chlorophyll concentrat~on at the collec- E,  
tion depth. Letters and numbers refer to 

Table 2. Calanus finmarchicus. Collection data & Danielssen (1981), in a study covering the first 6 mo 
of 1980, recorded 32 ~g 1-L chlorophyll along the pyc- 
nocline north-northwest of Hirtshals on 8 April. This 
was, by far, the highest concentration of chlorophyll 
recorded in their survey. Similarly, Pingree et al. 
(1982) reported chlorophyll a concentrations of up to 
30 pg 1- l  in the pycnocline population in the same 
general area during August 1981. 

The pattern of chlorophyll distribution in surface 
waters near the front and, in particular, the appearance 
of a chlorophyll patch in surface waters at Stn D6 
between the 8th and 10th of April suggested that 
mixing of the pycnocline algal population into surface 
waters may be occurring in this zone. This assertion is 

associated with patches of high salinity water. Over supported by the fact that the chlorophyll patch at  
the entire region of stratification, dense pycnocline Stn D6 was located in water of lower temperature than 
populations of phytoplankton (chl a up to >20  pg 1 - l )  that previously observed at this station which may 
were observed. This pattern apparently occurs at least suggest that the patch had its origin in the subsurface 
intermittently throughout the season in this area. Dahl waters to the east of the front. 

stations where plankton collection took 2 -  

place .B2 I I 

0 1 2 3 L 5 6 
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The nutrient data (Fig. 5) and easterly winds prior to 
this cruise suggest that the high salinity patches 
observed along the Swedish coast (particularly during 
the first half of the cruise) may have resulted from 
'upwelling'. The assimilation indices (Fig. 6) recorded 
suggest that phytoplankton in the surface waters of 
these 'upwelling' regions and in the vicinity of the 
front were in better physiological condition and more 
efficient in their phytosynthesis than those in sur- 
rounding waters. 

Calculated primary production rates reflect these 
elevated assimilation indices and the high standing 
stock of chlorophyll (phytoplankton) in the front and 
upwelling regions, in that production appears mar- 
kedly higher in these areas. It should be noted, how- 
ever, that on April 8 when primary production mea- 
surements were carried out through the North Sea/ 
Skagerrak-Kattegat front, there was a distinct bound- 
ary between the 2 water masses and only at 1 frontal 
station were high surface concentrations of chlorophyll 
a recorded. This chlorophyll distribution resulted in a 
very high calculated daily primary production rate in 
the immediate vicinity of the front. 

Although primary production rates were not deter- 
mined on the other sampling dates, the chlorophyll 
distribution pattern on these days suggested that ele- 
vated primary production would most probably be 
occurring at  a number of the stations in the frontal 
region. Thus, the result reported here, suggesting high 
production only in the immediate vicinity of the front, 
is most likely simply a reflection of the chlorophyll 
distribution on the sampling day. Taken as a whole, 
the results suggest that elevated primary production 
rates may occur intermittently over this highly 
dynamic frontal region. 

This observation may be particularly relevant in 
relation to the toxic blooms of the dinoflagellate 
Gy~odin ium aureolum, that occasionally occur in 
Skagerrak waters. In early September 1981, Dahl et al. 
(1982) observed a population of this alga at a depth of 
20 to 30 m approximately 18 km north-northwest of 
Hirtshals on the Danish coast. No salinity data are 
given in their report but this is a region that often 
experiences a strongly stratified water column with 
respect to salinity and which lies within the frontal 
mixing region observed in this study. At the time of 
that study, there was apparently no G. aureolum 
observed in surface waters but some 3 wk later a seri- 
ous 'bloom' was undemay along the Norwegian coast 
and extending up to 30 km offshore (Dahl et al. 1982). 
Richardson & Kullenberg (1984) have pointed out that 
the serious coastal blooms of this alga in Scandinavian 
waters have all occurred at salinities of between 25 
and 34 960 - corresponding well to those in the frontal 
mixing area. Southwest of the English Channel, 

blooms of this alga have been shown to develop in 
association with a thermal front (Holligan 1979). Thus, 
there are grounds to indict thls front in connection with 
algal blooms in surrounding waters. A better under- 
standing of the hydrographic and biological processes 
occurring in the vicinity of this front especially during 
spring and summer months could well improve our 
ability to predict when such blooms are likely to occur 
and why they fail to occur in some years despite the 
presence of the alga in the area. 

Although a marked association between algal dis- 
tribution and phytosynthesis and the front/upwelling 
regions can be seen, the same is not obvious in the 
copepod nauplii/egg distributions. There were clearly 
more copepod nauplii and eggs associated with the 
upper 15 to 20 m of the Skagerrak and Kattegat than 
with the bottom waters of these regions or the North 
Sea water. Beyond this, it is difficult to see distinct 
patterns in microzooplankton distributions. However. 
there does seem to be an indication that concentrations 
of copepod eggs and nauplii may be elevated in and/or 
over dense pycnocline patches of chlorophyll a. This 
finding is similar to results found during a study of 
zooplankton distribution in relation to upwelling 
events (Paffenhofer et al. 1984) in which zooplankton 
maxima occurred in association with phytoplankton 
biomass maxima and not necessarily with peaks in 
primary production. 

There is, unfortunately, no data relating to distribu- 
tion of adult copepods for this cruise. Thus, we cannot 
judge to what degree the apparent peaks in copepod 
nauplii/egg concentration near dense chlorophyll 
patches are related to greater numbers of egg-laying 
females in these areas and/or to increased production. 
However, there is at least some evidence for increased 
production in the data for Calanus finmarchicus where 
egg production rate was found to be positively corre- 
lated with chlorophyll content of the water mass from 
which the experimental animals were collected. 

The failure to observe a peak in copepod nauplii at 
the front in this study despite apparently elevated 
surface chlorophyll concentrations in the frontal region 
contrasts with findings of Floodgate et al. (1981) who 
presented data suggesting a possible peak in copepod 
concentrations near a salinity front in Liverpool Bay in 
comparison to surrounding waters. On the other hand, 
Holligan et al. (1984) found no increase in copepod 
nauplii concentrations at the thermal front in the west- 
ern English Channel. They suggested that the pres- 
ence of the bloom-forming dinoflagellate Gyrodinium 
aureolum in surface waters near the front may explain 
their failure to observe large numbers of nauplii in the 
frontal region. Although an entirely different type of 
front was under investigation, results of a study con- 
ducted by Kahru et al. (1984) in the Gotland Basin 
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paral le l  those found h e r e  in  that  assimilation n u m b e r  
and potent ia l  pr imary product ion p e a k  i n  t h e  immedi -  
ate vicinity of t h e  front w h e r e a s  t h e  p e a k  i n  copepod  

n u m b e r s  occurred a t  s o m e  d i s t ance  from t h e  front. 

In t h e  s tudy  reported he re ,  t h e  physical  processes  
occurr ing n e a r  t h e  North  Sea/Skagerrak-Kat tegat  front 

a n d  i n  'upwel l ing '  r eg ions  n e a r  t h e  S w e d i s h  coast 
a p p e a r  to  h a v e  h a d  a direct  effect o n  phytoplankton 

distributions a n d  product ion.  Th i s  effect w a s  no t  so 
pronounced  o n  t h e  zooplankton dis t r ibut ion and activ- 

i ty i n  t h e s e  a r e a s  d u r i n g  t h e  s tudy  per iod.  However ,  

t h e  t ime  ser ies  da ta  col lected ind ica te  that  chlorophyll 

d is t r ibut ion pat terns  especial ly  in  t h e  frontal a r e a  
c h a n g e d  dramatical ly  over  shor t  (2 to 3 d )  t ime  per iods  

a n d  it  m a y  b e  that  t h e  zooplankton populat ions  i n  t h e  

a rea  w e r e  u n a b l e  to  respond  to c h a n g e s  in  t h e  phyto-  

p lank ton  populat ion a n d  distribution occurr ing o n  

s u c h  a rap id  t ime  scale .  In a t  leas t  1 other  s tudy  

(Chris tensen et a l .  1985) a m a r k e d  increase  in  copepod  
egg product ion ra tes  w a s  recorded  n e a r  a the rmal  front 

off t h e  nor theast  Scottish coast. Thus ,  fur ther  s tudy  i s  

c lear ly  n e e d e d  to establ ish t h e  inf luence of frontal 

processes  o n  secondary  product ion i n  this  a n d  o the r  

frontal regions.  
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